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     This paper provided a feasibility study of solar photovoltaic thermal (PV/T) water collector 
in the local environment (Perth) and compare it to solar photovoltaic (PV) and solar water 
heating system. A hybrid photovoltaic/ thermal system is an integrated system, which can 
produce both heat and electricity simultaneously. The electrical and thermal performance of 
PV/T for the climate of Perth are analysed experimentally and by using Polysun simulation 
software. Thermal and electrical performances of three systems were studied under different 
water mass flow rates. The results illustrated that water circulation through the PV/T collector 
decreases the overall temperature of the solar cells and the results showed a significant 
improvement on the electrical output of the system. Additionally, with the increase of mass flow 
rate the thermal efficiency increases as well. Furthermore, a PV/T system is designed for 
residential use in Perth and simulated by using Polysun simulation software. Power output of 
the system alongside its economic feasibility is presented. In this report, PV/T systems are 
defined as a base case and solar thermal flat plate collector, solar photovoltaic system and 
combined flat plate collector with PV system are examined under 11 cases with different 
scenarios. Electrical and thermal performance, rooftop area requirements and economic 
feasibility of these different solar energy technologies are presented. The results indicated that 
each system showed a different economic feasibility depending on the demand of either 
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Chapter 1: Introduction  
 
1.1. Background   
 
     Historically, fossil fuels are the primary source of fuel in the world [1]. Due to the increased 
industrial growth in developing and advanced countries, the need for fossil fuel has risen 
exponentially [1]. It has been estimated that the world energy demand will grow by 45% 
between 2006 and 2030, and the rate of increase will be 1.6% yearly [1].  
Renewable energy is an energy that can be restored [2]. Renewable energy is available in 
various forms such as solar, wind, biomass, hydropower, etc. Renewable energy has to play an 
important role in contributing to the energy demand of the world in 21st century and beyond, 
since the energy production from fossil fuels is not a sustainable practice, both due to adverse 
environmental impacts and limited amounts fuels [1]. To some extent global warming and 
greenhouse gas emission can be reduced by making better use of renewable energy resources 
[3].  
The last three decades have showed that greenhouse gas emissions have expanded by an average 
of 1.6% yearly with carbon dioxide (CO2) emission from the utilization of non-renewable 
energy sources developing at a rate of 1.9% annually [3]. According to the fourth appraisal 
report from 2007 inter-governmental panel on climate change, the increase in sea level is 
consistent with global warming. The rise of the sea level is ascribed to the melting of snow and 
ice in the Arctic sea because of the global warming impact [3].       
Renewable energy such as solar energy, wind power, bio-fuel, hydropower, etc. is proposed to 
give a solution to solve global warming issue and to meet the increasing energy demand [3]. 
The demand for fossil fuels will decrease when the demand for renewable energies rise [3]. 
Solar energy is one of the most compacting energy sources with solar radiation reaching the 
earth’s surface at a rate of around 80,000 TW which is 10,000 times the present utilization of 
energy on the planet [1].    
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There are different types of solar energy technologies such as solar photovoltaic (PV) and solar 
thermal systems. Photovoltaic is an innovation that converts solar radiation specifically into 
electricity using solar cells. Furthermore, the general objective of PV research has been to create 
low-cost productive solar cells and an inexpensive, effective PV system [4]. Figure 1 shows the 
renewable energy production in Australia by 2010. 
 
Figure 1: Contribution from Various Renewable Energy Sources  [5]. 
 
This thesis project focuses on the feasibility study of solar photovoltaic thermal (PV/T) water 
collector in the local environment (Perth). An extensive amount of research on PV – thermal 
collector, has been carried out over last 25 years [6]. A photovoltaic thermal hybrid system 
(PV/T) is a combination of solar thermal and photovoltaic system [1]. A hybrid photovoltaic/ 
Thermal system is an integrated system, which can produce both heat and electricity 
simultaneously [1]. The PV/T system consists of a typical PV panel at the back of which a heat 
exchanger with fins is embedded. A hybrid photovoltaic/thermal system refers to a system that 
concentrates heat from the panel with utilizing heat transfer fluid, usually air or water and 
sometimes both. There are key reasons which persuade the improvement of the PV/T system. 
One of the primary reasons is that PV/T system can provide higher efficiency than thermal 
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collector and an individual PV system [1]. When the efficiency has increased the payback 
period of the system will be shortened due to more energy production [7]. 
Solar photovoltaic thermal (PV/T) can be categorized as [1]: 
 PV/T air collector  
 PV/T liquid collector  
 PV/T liquid and air collector  
 PV/T concentrator  
The design of solar PV/T water collector consists of conductive metal piping or plates 
connected to the back of a PV module. In this arrangement, water is piped through plate chillers 
or channels. The heat from the PV modules is directed through the tubes and plates and 
consumed by the water. 
The advantages of solar photovoltaic/ thermal hybrid system are [1]: 
 To reduce the thermal stresses  
 To increase the life of the PV module 
 For high performance and reliability 
 Cooling circuit improves the efficiency of solar PV cells 
 Low maintenance 
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1.2. Aims and Objectives 
 
     The primary objective of the project to investigate  solar photovoltaic thermal (PV/T) water 
collector whither is suitable for Perth environment or not and this involves: 
 Experiments:  
 Investigating the electrical and thermal performance of solar photovoltaic thermal 
(PV/T) water collector system, photovoltaic PV and flat plat water collector system. 
 Testing each of the three systems to verify the models. 
 Energy in and energy out analysis. 
 Modelling and Simulation: 
 Modelling and designing the power and thermal output of the three systems by 
using Polysun designer simulation software which involves: 
 Technical aspects  
 Financial analysis  
 Comparisons of PV/T system to PV, solar thermal flat plate collector and a 
system using PV and flat plate collector for residential use in Perth.    
1.3. Significance of the Project 
 
     This project seeks to do a feasibility study of solar photovoltaic thermal PV/T water collector 
in the local environment for a teaching purpose such as teaching engineering students. An 
additional aspect of this project is to investigate solar photovoltaic thermal PV/T water collector 
and whether or not it is suitable for Perth’s environment.  
1.4. Project Outline 
 
This dissertation is divided into seven chapters which involve of:  
 Chapter 1: The background information on PV/T system and a brief discussion of the 
importance and potential of solar energy and some solar technologies such as PV and 
flat plate collector.  Furthermore, this chapter contains project scops and objectives.  
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 Chapter 2: Presents a study of the accessible literature of a solar photovoltaic system, 
solar thermal system and solar photovoltaic thermal PV/T water system. This chapter is 
demonstrated thematically, to enable an easier contrast of the findings obtained by 
numerous researchers, particularly on factors which affect the performance of solar cells 
and performance of PV/T (thermal and electrical) efficiencies. Furthermore, the 
comprehensive historic overview of solar photovoltaic, solar thermal and solar 
photovoltaic thermal PV/T systems is covered in this chapter. Moreover, this chapter 
compares the three systems in term of technology, applications, economics, as well as 
the advantages, and disadvantages.  
 Chapter 3: Describes the experiments methodology of the project including electrical 
and thermal performance evaluation of PV/T, PV and flat plate collector. Furthermore, 
this chapter introduces the techniques used while conducting experiments. 
 Chapter 4: Describes the modelling and simulation methodology of PV/T system by 
using Ploysun simulation software. This chapter includes technical aspects, financial 
analysis of three systems and the comparisons of PV/T system to PV, solar thermal flat 
plate collector and a system using PV and flat plate collector for residential use.   
 Chapter 5: Signifies the results and discussion of experimental part of the project. The 
performance evaluation of PV/T, solar thermal flat plate collector and PV for various 
water mass flow rates.    
 Chapter 6: This includes climate data and application of each component in Polysun 
designer software. In addition, simulating and modeling a PV/T system for residential 
use in Perth. Furthermore, it includes electrical and thermal performances along with its 
economic profitability that are based on data collected from using the Polysun designer 
simulation software.  
 Chapter 7: This concludes the entire study of the project and the discussion of the 
overall performance of the experiment. Furthermore, it provides future scope of the 
study which could significantly improve the electrical, thermal and overall performance 
of the PV/T system. 
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Chapter 2: Literature Review 
 
 2.1. Solar Energy 
 
     The sun is the most important supplier of energy for the earth [8]. The entire life depends on 
its energy. It is the starting point for the biological and chemical processes on our planet and is 
considered to be one of the most environment friendly forms of all energies [8]. Solar energy 
has the best capability of all the sources of renewable power [9]. Because of solar energy water 
cycle and photosynthesis in plants occurs [9]. The solar power above atmosphere is 1017W. The 
solar power on the surface of Earth is 1016W. The worldwide power demand is 1013W which is 
1000 times more power than what we need [9]. If 5% of this energy is used, it will be 50 times 
what the world electricity energy demand that can create from the solar energy by photovoltaic 
solar cells [9]. The solar energy is converted directly to electricity by solar PV cells [8].  
2.1.1. Solar Radiation 
 
       The solar constant is the average energy flux incident on a unit area perpendicular to the 
beam outside of earth’s atmosphere [8]. The world radiation center adopted the solar constant 
value is about 1367 W/𝑚2. Irradiance is defined as the amount of solar power available per unit 
area [11]. Insolation is characterized as the rate at which solar radiation is incident upon a unit 
horizontal surface at any point on earth’s. Solar radiation reaching the earth surface consists of 
direct, reflected and diffuse radiation. Approximately 30% of sunlight is reflected by the earth’s 
atmosphere before reaching the earth surface because the  sunlight are scattered by the air 
molecules, dust particles in the atmosphere and water vapour [11] [12]. Moreover, water 
vapour, ozone and carbon dioxide absorb sunlight as shown in Figure 2. 
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Figure 2: Effect of Clouds on Earth's Energy Budget [12]. 
 
On a clear sky day, after scattering and absorption took after re-radiation into space, solar 
irradiance estimation of around 1000 W/𝑚2 arrives at the earth surface at sea level at noon [11]. 
A summary of these parameters are listed in Table 1.  
Table 1: Summary of Solar Parameters [11]. 
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2.2. Photovoltaic History 
 
      In 1839, a French experimental physicist named Becquerel discovered the photo-galvanic 
impact in liquid electrolytes allowing light-electricity conversion [13]. In 1873, Willoughby 
Smith found photoconductivity of solid selenium. Then, the photo-generation of current in 
selenium tubes was discovered by Adam and Day in 1876 [11]. Later on the quantum nature and 
quantum theory of solid was presented and proposed by Planck and Wilson in 1900 and 1930 
respectively [11]. Following 10 years, the theory of solid-state rectifier was developed by Mott 
and Schottky. The first high power silicon PV cells with an efficiency of 6%  was established by 
Chapin et al., in 1954, and following four years, these PV cells were utilized to control radios on 
the Vanguard I space satellite [11]. Then, the main efficient PV module from silicon PV cells 
was built up by Sharp Corporation in 1963.  After the OPEC oil ban in 1973, there occurred a 
huge increase in oil cost as a result of which many governments started to research into 
renewable energy including PVs [13]. Because of the intensive effort, the uses of PV 
technology became widespread in the 1970s [11]. 
2.2.1. Photovoltaic Cell   
 
      The photovoltaic cell is made of semiconductor materials which are used to convert sunlight 
into electricity [14]. A solar cell is made from a monocrystalline silicon wafer with its contact 
grid made from bus bar and fingers.  
There are three basic properties required for operation of a photovoltaic cell as shown in Figure 
3 [9]: 
1- Absorption of photons and generating either electron-hole pairs 
2- Separation of charge carriers 
3- The flow of separated charge carriers in an external circuit  
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                                   Figure 3: Component Parts of a Typical PV Cell [14]. 
 
The electrical field sends the electrons from P-type to N-type silicon and the holes from N-type 
to P-type [9]. Disruption of electrical neutrality occurs during the photovoltaic effect. An 
external load is required to restore the steady state. The external load will supply a current path 
which allows electrons to move from N-type to P-type silicon; electron recombines with the 
hole when it arrives the P-type silicon. When the electron passes through the external load, the 
photocurrent is generated [9].  
Shockley’s equation is used to give dark current voltage I-V curve of an ideal P-N junction as 
shown below [9]: 
𝐼 = 𝐼𝑜 [exp(
𝑞𝑉
𝑛𝐾𝑇
) − 1] 
Where, 
𝐼𝑜: Dark saturation current 
𝑉: Supply voltage 
𝑞: Electrical charge  
𝐾: Boltzmann constant  
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𝑇: Cell temperature  
𝑛: Ideality factor 
2.2.2. Photovoltaic Cell Technologies and Market Share 
 
       A PV cell is made from different types of semiconductor materials such as silicon in 
different forms (single crystalline, multi-crystalline and amorphous), and designs using different 
manufacturing methods to achieve maximum efficiency and to reduce the cost [9].   
Table 2 illustrates a comparison of different types of photovoltaic cell technologies and current 
share market of each technology [14]. 





















30 1.1 1.6 4 30 -0.5 
Poly-
crystalline 









4 1.45 0.75 1 25 ≤ -0.25 
Cadmium 
Telluride 
6 1.5 0.75 1 20 0 
Gallium 
Arsenide 
1 1.43 - 1.7 0.75 1 20 0 
 
Polycrystalline and monocrystalline have an excellent market share (54% and 30% respectively) 
and their performance is better than thin-film silicon PV cells. However, in terms of cost, 
monocrystalline PV cell is more expensive than polycrystalline and thin film PV cell is cheaper 
than polycrystalline [14].  
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2.2.3. Photovoltaic Module 
 
      The most essential elements of a PV module are solar cells. Solar cells convert sunlight into 
electricity through the use of the photoelectric effect [15]. PV cells are connected in parallel or 
series or parallel and series circuit to produce high currents, voltages and power levels [8]. The 
building block of the photovoltaic system is photovoltaic modules, which consists of PV cell 
circuits sealed in a laminate [8]. A photovoltaic array consists of any number of PV modules 
and panels. The modules are built with covers and have a back-sheet and a front of low iron 
glass which ensures the front surface of material while maintaining high transitivity [9]. The 
rating of PV modules and arrays are generally based on their maximum DC power output under 
Standard Test Conditions (STC). Standard Test Conditions (STC) are defined by a module cell 
operating temperature which is 25℃, incident solar irradiance of 1000 W/𝑚2 and under air mass 
of 1.5 [9]. 
The electrical conversion efficiency of a module or solar cell is calculated by using the 






𝐼𝑚: Maximum current (A) 
𝑉𝑚: Maximum voltage (V) 
𝐺: Solar irradiance (W/𝑚2) 
A: Area of the panel (𝑚2) 
2.2.4. Solar Photovoltaic Application 
 
      The market of PV applications can be grouped into stand-alone and grid-connected [16]. 
The worldwide installation of stand-alone PV applications are the most widespread than grid-
connected installation which is used by 60-70% of commercial/residential systems, remote 
water pumping, telecommunications equipment and individually powered appliances or lights 
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[16]. In addition, the worldwide installation of grid-connected applications is approximately 20-
30% include distributed or central PV stations and small scale PV systems sited near consumers 
[16].  
The second alternative method of solar energy utilisation is a solar thermal system, which 
capture the heat energy from the sun and use it for heating or production of electricity [17]. 
2.3. Solar Thermal collector 
 
      The solar collector is considered as the heart of a solar thermal system. The main function of 
the solar thermal collector is to absorb solar radiation and convert it into heat to a fluid with the 
maximum possible efficiency [8]. The main component of the collector is absorber which 
generates heat by absorption of the solar radiation [9].  Also, the absorber must be designed 
with low emission capacity in the heat radiation spectrum and high absorption capacity in the 
solar spectrum [8]. The absorber contains pipes or sheets filled up with a heat transfer medium, 
and the medium flows to the collector to absorb the heat from solar radiation and return back to 
the hot water store. The heat exchanger is occasionally used to draw heat from the water-glycol 
mixture that is circulated in a closed circuit [9]. Moreover, there is limited heat loss to the 
ambient in the collector by using thermal insulation underneath the absorber and transparent 
cover in front [8].  
The systems in which pure water is used as a heat transfer medium are called drain back 
systems. Flat plate collectors are used for domestic hot water heating for washing, showering 
and some commercial applications [8]. There is a drop in efficiency of a solar collector at high 
temperature because of heat losses from the large surface area of the collector. For high-
temperature, application evacuated tube collectors are used and they are efficient because they 
contain some rows of glass tube. During the process vacuum is formed between glass and tube 
to reduce the heat losses through convection effect. Consequently, the collector can operate at 
high temperature and high efficiency [8].  
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2.3.1. Solar Thermal Collector Technology 
 
     There are different types of technologies of the solar thermal collector design as illustrated in  
Figure 4, such as unglazed collector, standard flat collector, a collector with limited convection, 
a collector with transparent heat insulation, vacuum flat plate collector and air collector [8].  
 
Figure 4: Different Collector Designs [8]. 
 
The following equation gives the efficiency of these collectors [18]  
η =  ηo − 
𝑎1 × (𝑇𝑚 − 𝑇𝑎)
G





𝜂𝑜: Optical efficiency  
𝑎1: Heat loss coefficient (W/𝑚2𝐾) 
𝑎2: Temperature dependency of the heat loss coefficient (W/𝑚2𝐾2) 
𝑇𝑚: Mean fluid temperature in the absorber plate (K) 
𝐺: Solar irradiance (W/𝑚2) 
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2.3.2. Solar Thermal Applications  
 
   Different applications of solar thermal are illustrated in Figure 5 based on temperature range 
categorization [19].    
 
Figure 5: Solar Thermal Application Based on Temperature Level [19]. 
 
The swimming pool solar energy is considered to be as the simplest solar thermal application. 
The type of collectors that are mostly used for this application is unglazed collectors. The 
unglazed collector does not require thermal storage, and it works at atmospheric pressure [19]. 
In general, the swimming pool in the European countries used 1 𝑚2 of the collector per 𝑚2 of 
the swimming pool [19].  
2.3.3. Solar Thermal Market  
 
     The solar thermal capacity played an excellent market in the last decade. It has been 
increased by four times globally as shown in Figure 6 [20]. 
Solar thermal 
application 
Swimming pool 20-35℃ 
Domestic hot 








Solar cooling 65-100℃ 
District heating 45-95℃ 
Process heating 30-180℃ 
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Figure 6: Global Capacity of Solar Water Heating Collectors from 2006 to 2016 [20]. 
 
The total thermal capacity was about 456 𝐺𝑊𝑡ℎ by the end of 2016. In 2016, China included 
about 27 𝐺𝑊𝑡ℎ which accounted for 75% of the total worldwide capacity [20]. Figure 7 
represents the solar thermal capacity of top twenty countries [20].  
 



























Global Capacity of Solar Water Heating Collectors 
Unglazed Glazed
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Glazed collectors are leading the global market over unglazed collectors due to higher 
efficiency of the collector. Table 3 represents the collector type’s distribution globally by the 
end of 2016 [21]. 
Table 3: Total Installed Capacity by Collector Type in 2016 [21]. 
Collector Type Global Share (%) 
Evacuated Tube Collector 71.1 
Flat Plate Collector 22.1 
Unglazed Water Collector 6.3 
Air Collector 0.4 
 
The total installed capacity in operation of evacuated tube collector is approximately 70%; flat 
plate collector is about 22%, unglazed water collector is 6.3% and 1% for unglazed air and 
glazed collectors [21]. In Europe, the major market is dominated by the flat plate collectors 
whereas the evacuated tube collectors are used mostly in countries like China. In Australia, 
approximately 80% of the collector market is dominated by the unglazed water collectors [21]. 
The third alternative method of solar energy utilisation is a solar photovoltaic thermal (PV/T) 
system, which is a combination of solar photovoltaic PV system and solar thermal system. 
 
2.4. History of Solar Photovoltaic Thermal (PV/T) Technology 
 
      The researchers discovered the PV/T concept after the OPEC oil ban in the 1970s and in the 
same decade the first project of PV/T collector was launched [13]. The first work on the air type 
of PV/T systems which was called a solar one house was proposed in 1973 by Boer and Tamm 
[22]. It was the first house which enables to convert sunlight into both heat and electricity for 
residential use [22]. In 1976, Wolf investigated the liquid type PV/T collectors [10]. He 
examined the execution of a hybrid solar PV and heating system for a single family residence 
for a year [10]. Then, several projects were carried out on building integrated (BIPV) PVs in 
Switzerland in the 1990s. After that, extensive studies have been carried out throughout the 
world to enhance the PV/T performance and reduce the cost [23]. Nowadays, Solar Photovoltaic 
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Thermal (PV/T) technology is promising with its potential to narrow the gap between the 
conventional power source and renewable [13].   
2.4.1. Solar Photovoltaic Thermal PV/T System 
 
       Solar Photovoltaic Thermal (PV/T) system is a combination of PV and solar thermal system 
[9]. The PV/T system is a device which produces both heat and electricity simultaneously as 
shown in Figure 8 [15].  
 
Figure 8: Network of Different Solar Conversion Technology [24]. 
 
 The PV/T system refers to a system that concentrates heat from the panel by utilizing heat 
transfer fluid, usually air or water and sometimes both [9]. There are a few reasons which 
enhance the improvement of the PV/T system. One of the primary reasons is that PV/T system 
can provide higher efficiency than thermal collector and individual PV system [9].This was 
demonstrated by Ji J et al. who constructed and performed an experiment on the natural 
circulation hybrid PV/T water heating system. They indicated that by merging the systems, the 
installation area will produce more energy per unit surface area than individual PV panel and 
individual solar thermal system [25]. The second reason is that the payback of the PV/T system 
is shorter compared with individual PV and thermal collector [26]. This was illustrated by De 
Vries and Zondage et al. who carried out the testing of a PV/T solar boiler with a water storage 
tank in the Netherlands and found that the covered sheet and tube system was the most 
promising PV/T concept for tap water heating [27] [28]. They reported that the water-based 
Solar energy 
PV cells Electricity 
PV/thermal 
Solar thermal  Heat 
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PT/T system can provide more architectural uniformity, minimizing the usage of space on the 
roof, and lowering the payback period [27] [28].  
Solar photovoltaic thermal (PV/T) can be categorized as [23]:  
1- Solar photovoltaic (PV/T) air collector  
2- Solar photovoltaic (PV/T) liquid collector  
3- Solar photovoltaic (PV/T) liquid and air collector  
4- Solar photovoltaic (PV/T) concentrator  
 
2.4.2. Flat Plate PV/T collectors 
 
      In 1978, Kern and Russell introduced the main idea of flat plate PV/T collectors [10]. Then, 
a theoretical model for PV/T system was presented by Hendrie utilizing the conventional solar 
thermal collector techniques [22].   
The classification of flat plate collectors depends on the use of working fluid such as air type, 
water type or combined (air and water) flat plate PV/T collectors [9]. There are different types 
of PV/T collectors as shown in Figure 9 [9]: 
 (a) Sheet and tube 
 (b) Freeflow 
 (c) Channel 
 (d) Dual absorber 
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Figure 9: Types of PV/T Collectors [9]. 
 
The most efficient PV design is the channel type of PV/T collector. Furthermore, the liquid 
PV/T collector is more efficient than air type PV/T collector [29]. This was demonstrated by 
Tiwari and Sodha have developed a combination of water and air type of PV/T collector 
system which is known as integrated photovoltaic and thermal solar system (IPVTS).  
They deployed and configured four systems, which are; the unglazed with tedlar, glazed 
with tedlar, unglazed without tedlar and glazed without tedlar. During this experiment, 
they compared the PV/T system with water and air heater that passing through channels. 
The results from the experiment have proven that the daily efficiency of the system of 
water is higher than air for all configuration[30]. Zondage and Van Helden also 
demonstrated a research on PV/T system that utilized heat. They did more studies on different 
types of PV/T modules such as with cover or without cover, open or closed loop systems. They 
concluded that PV/T water collectors had a better performance than PV/T air collectors which 
was the same results found by Tiwari and Sodha. In addition, they found one more result which 
showed that covered closed loop systems performed better than uncovered closed loop systems 
[31].   
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2.4.2.1. Solar Photovoltaic Thermal (PV/T) Water Collector 
 
       In 1978 Kern and Russell initiated the work on water PV/T collector at MIT. They analysed 
five hybrid solar cooling and heating system configurations (parallel heat pump system, series 
heat pump system, the baseline solar heating system, high-performance series advanced heat 
pump and absorption cycle chiller) and the values obtained from these systems were assessed in 
four climatic areas in the USA (Miami, Boston, Ft. Worth and Phoenix) [13]. Their outcomes 
indicated that an advanced heat pump system provided the greatest energy saving in all four 
geographic areas [13].  
2.4.2.2. Solar Photovoltaic Thermal (PV/T) Collector Design 
 
       The solar photovoltaic thermal (PV/T) collector design contains of conductive plates or 
piping linked to the back of a PV module [32]. In this structure, water is circulated through plate 
channels or chillers. The absorbed heat from the PV modules is directed to water through the 
plates and the tubes that are attached. A hybrid (PV/T) collector is a combination of solar 
photovoltaic (PV) and a solar thermal collector which produces electricity and heat 
simultaneously [32]. For the designing of PV/T system few things are to be taken under 
consideration such as type of working fluid (water or air), electrical and thermal efficiency 
(polycrystalline, monocrystalline, thin film solar cell or amorphous silicon), working 
temperature (natural fluid flow or forced fluid flow etc.) and solar radiation [32]. In 
conventional photovoltaic (PV) system, the relationship between incident solar radiation on PV 
panel and electrical output from the panel is proportional [33]. The electrical output from the PV 
panel increases with the increase of incident solar radiation, and the temperature of solar cells 
will rise as well. As a result, the efficiency of the panel decreases [9]. The electrical conversion 
efficiency of a PV/T system depends on the type of solar cell at standard temperature and 
pressure. The range of electrical conversion efficiency of solar cells is about 6-15%. With an 
increase of 1℃ in temperature, there is a reduction of the photoelectric efficiency by 0.5% [9]. 
A solar photovoltaic PV/T water collector consists of a PV module on the back of which an 
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absorber plate is attached. A copper tube is attached behind the panel copper sheet as shown in 
Figure 10 [9]:       
 
Figure 10: Schematic Diagram of a PV/T Water Collector [34]. 
The absorber plate has two functions [9]:  
1- To cool the PV module to improve its electrical performance 
2- To collect the thermal energy produced  
The electrical and thermal performance was studied by Wei . He designed photovoltaic and 
thermal solar collector for natural circulation of water, and did this by using polycrystalline PV 
module. He concluded that the electrical, thermal and energy-saving efficiencies were around 
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2.4.2.3. Solar Photovoltaic (PV/T) System Applications 
 
   Common examples of solar photovoltaic (PV/T) system applications are as shown in Figure 
11. 
 
Figure 11: Solar Photovoltaic (PV/T) System Applications [9] 
 
Based on Figure 11, some studies have been carried out on solar photovoltaic (PV/T) water 
collector applications in Hong Kong and France by Ji et al. and Fraisse et al. They concluded 
that annual thermal efficiencies for thin film silicon and crystalline silicon were around 48% and 
43% respectively and combi-system without PV glass cover produced an efficiency of 10% 
which is 6% better than a standard module [36] [37]. Since the efficiency of PV/T water system 
is higher than air, they can be used in commercial buildings for hot water. Air PV/T system can 
be used for space heating and hot air ventilation. The pros and cons of water and air PV/T 
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Table 4: Advantages and Disadvantages of PV/T Water and Air Collectors [38]. 
Collector 
Type 





 Good conductivity 
 High energy 
capacity 
 Easy and 
economical to 
pump 
 Cheap and safe 
 Thermal 
efficiency of ± 
60% 
 Heavy weight 
 Phase change is 
fixed with glycol 
 











 Easy to 
manufacture  
 Light weight 
 Cheap and safe 
 Less damage in 
case of leakage 
 Thermal 
efficiency ± 50% 
 Low conductivity 
 Low energy 
capacity 
 Additional heat 
exchanger 
required  
 Less application 
specially for 
drying  
 Solar dryer 
 Solar green 
house 
 
2.4.3. Solar Photovoltaic Thermal (PV/T) System Market & Costs 
 
      At present, there is a very small market for domestic solar photovoltaic thermal (PV/T) in 
Australia. It is very difficult to evaluate the exact number of PV/T system in total and annual 
installation, as the quantities are very small and there are no existing records of PV/T 
installation receiving in Tariff. Solimpeks is one of the manufacturers of combined solar 
photovoltaic and solar thermal panels in Australia [39]. Solimpeks designed for circumstances 
where producing electricity would be the first priority, and heating water would be the second 
priority [39]. Power volt panels have a capability of producing electricity of 200W where 65L of 
water would be heated per hour with maximum operating temperature of about 60ͦC [39]. 
Solimpeks manufacturer of PV/T system provides both a performance warranty and a product 
warranty varying from (5 to 25 years, 2 to 15 years) respectively [39]. Further review 
contestants study PV/T product lifecycle to be 10 to 20 years. 
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To compare the cost of PV-T of an equivalent rated (individual solar photovoltaic and solar 
thermal) technologies are considered to be [40]:  
 1 to 1.5 times the cost of the solar thermal system  
 1.5 to 2 times the cost of a solar PV system  
The economic payback of a PV-T system is extremely reliant on self-consumption of produced 
heat and electricity. For domestic installation where 100% of the heat produced and 50% of 
electricity produced offsets introduced energy, payback is in the state of about 15 to 21 years 
[40]. The cost comparison of PV/T and equivalent size of PV and solar thermal is detailed in 
Table 5. 
Table 5: Cost Comparison of PV/T and Single Solar Technology Panel [40]. 
 
The cost range for a typical PV//T panel is from $494.08 to $741.11 per unit. This equates to 
$2470.38 to $3529.11 per kWP electric. Installed costs such as (installation, inverter, and 
piping), without thermal storage are approximately $3970.25 to $5293.67 per kWP electric [40].  
2.5. Advantages and Disadvantages of Three Systems  
 
     The advantages and disadvantages of the solar photovoltaic system, solar thermal system and 
solar photovoltaic thermal (PV/T) system have been illustrated in Table 6. 
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Table 6: Advantages and Disadvantages of PV, Solar Thermal and PV/T Systems [41] [42] [9] [43] [40]. 





Grid Tie System 
 Save more money with 
net metering  
 Low maintenance cost 
 Lowest initial cost, due 
to there is no need for 
expensive batteries and 
generator  
 More efficiently because 
its DC does not go into a 




 No power when the grid 
is down  
 Access to the utility 
power grid is required  
 
 
Off Grid System 
 Self-sufficiency on a 
clean, renewable energy 
source 
 Ideal for remote areas 
where national grid 
cannot reach 
 No power bills 
 Higher initial cost 
because battery and 
generator are expensive  
 Required maintenance 
for battery and generator  







Solar Water Heating System 
 Solar thermal panels take 
up less space than solar 
PV panels  
 Efficient approximately 
80% radiation is 
converted into heat 
energy 
 Cheaper to install than 
solar PV panels 
 No fuel cost 
 No pollution and global 
warming   
 
 
 The solar thermal panel 
can only heat water 
 High cost 
 Yearly maintenance is 
recommended 
 Payback period is longer 
than PV  






 (PV/T) Water system 
 Less roof space than 
solar PV and solar 
thermal 
 Higher energy output 
than standard PV module 
 Reduce the thermal 
stresses  
 Increase the life of PV 
module 
 High performance and 
reliable  
 Low maintenance  
 Stabilize the solar cell 
current-voltage 
characteristic 
 Cooling circuit improves 
the efficiency of solar 
PV cells 
 Payback period is less 
than individual PV and 






 The high cost of module 
and installation  
 Annual maintenance 
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Solar photovoltaic thermal (PV/T) is a new type of technology compared to other solar energy 
technologies such as PV and solar water heating system. The main advantage of PV/T system is 
that only one panel is used to produce heat and electricity simultaneously. However, due to this 
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Chapter 3: Experiment Methodology  
 
     The experiments for this project of three systems (PV/T, PV and flat plate collector) were 
carried out under the meteorological circumstances of Perth at (latitude of 32°S; longitude of 
115°E) in Australia.  
The following steps were followed while doing the experiments:  
1- Three systems were designed for test scenarios at tilt of  32ͦ as shown in Figure 12. 
 
Figure 12: Test Scenarios for Three Systems. 
 
2- The water hose was connected from the inlet to the outlet of the PV/T and flat plate 
collector. 
3- The inlet and outlet of PV/T and solar thermal system was connected with 
thermocouple sensors and the sensors were connected with data-taker (DT50) as shown 
in Figure 13. 
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Figure 13: Inlet and Outlet Temperature measurement of PV/T and Flat Plate Collector. 
 
4- The irradiance sensor was placed in the body of the systems. 
5- A steady flow rate of water was allowed to move through the PV/T and solar thermal 
collector for one hour.  
6- A bucket was used to fill the water from the outlet of the PV/T and solar thermal 
system. A stopwatch and weight scale was used to calculate the mass flow rate.   
7- The solar module analyser 210 was used to record electrical characteristics for both 
PV/T and PV system for every 15 minutes as shown in Figure 14.  
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Figure 14: IV Curve Measurement of PV/T and PV System. 
The electrical, thermal, overall efficiencies and exergy of PV/T, PV and solar thermal collector 
were studied. Solar irradiance, ambient temperature, wind speed, short circuit current, open 
circuit voltage, maximum power, voltage and current at maximum power, fill factor, initial and 
final water temperature of PV/T and solar thermal collector were measured every 15 minutes 
from 8:45 AM to 02:15 PM for PV/T, PV and solar thermal collectors.    
3.1. Experimental Setup and Technical Specification of Three Systems. 
 
 
Figure 15: Experimental Setup 
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Table 7: Electrical and Thermal Characteristics of PV/T, PV and Flat Plate Collector [44] [45] [46]. 
Electrical Characteristic 
Collector Type Dual Sun PV/T (280M) PV ( SG-175M5) 
Cell Type Monocrystalline silicon Monocrystalline silicon 
Module Area 1.65𝑚2 1.27 𝑚2 
Nominal Power (𝐏𝐦𝐩𝐩) 280 𝑊𝑃 175 𝑊𝑃 
Rated Voltage (𝐕𝐦𝐩𝐩) 31.95 V 35.2 V 
Rated Current (𝐈𝐦𝐩𝐩) 8.77 A 4.97 A 
Open Circuit Voltage (𝐕𝐨𝐜) 38.88 V 43.6 V 
Short Circuit Current (𝐈𝐬𝐜) 9.30 A 5.48 A 
Maximum System Voltage 1000 V DC 1000 V DC 
Normal Operating Cell 
Temperature (NOCT) 
46.9 ℃ 46 ℃ 
Standard Test Condition 
(STC) 
1000 W/m2 , AM 1.5 , 25 ℃ 1000 W/m2 , AM 1.5 , 25 ℃ 
Power Tolerance 0/+3 % +5% - 0% 
Module Efficiency η 17.2 % 13.7% 
Thermal Characteristic 
Collector Type PV/T (280M) Flat Plate Collector 
(SOLC201) 
Gross Area 1.654m2 1.71m2 
Thermal Power Output 943𝑊𝑡ℎ 1365𝑊𝑡ℎ 
Volume of Heat Transfer 
Liquid 
5 L 5.3L 
Maximum Temperature 80 ℃ 199 ℃ 
Optical Efficiency 55.9% 74.8% 
Heat Loss Coefficient 15.8 W/K/m2 3.93 W/K/m2 
 
3.2. Apparatus Used  
 
      Table 8 illustrates the list of instruments that were used in the experiments. The global solar 
radiation and ambient temperature were measured by using irradiance meter with an accuracy of 
±5%. The Solar Module Analyzer (PROVA 210) with an uncertainty of ±1% was used to 
measure an electrical characteristic of PV/T and PV modules. The humidity was measured by 
using humidity data-logger. The panel temperature of PV/T and PV modules were measured by 
using infrared thermometer. The data-taker was programmed to record initial and final water 
temperature of PV/T and flat plate collector for every 1 minute from 8:45 AM to 02:15 PM.   
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Table 8: List of Instruments were Used in the Experiments [47] [48] [49] [50] [51]. 
Instrument Model Make Accuracy Range 
Solar Module Analyzer PROVA 210 ±1% 0-10V 
0.01-10A 
Irradiance Meter Solar Survey 200R ±5% 0-1500 W/𝑚2 
-30 to 125℃ 
Infrared Thermometer Micron Q1289 - -50 to 1050℃ 
Temperature/Humidity  
Data-logger 
Micron Q1268 Temp: ±1 
Humidity: ≤5%RH 
Temp: -40 to 
70 ℃ 
Humidity: 0 to 
100%RH 
Thermocouple Sensor K type ±2.2ͦC 0 to 482℃ 
Stop Watch - - - 
 
 
Figure 16: Solar Module Analyzer. 
PROVA 210 
Range: 0 - 10V 
0.01 - 10 A 
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Figure 17: Irradiance Meter. 
Solar Survey 200R 
Range: 0-1500 W/𝑚2 
-30 to 125ͦ C                      
 
Figure 18: Infrared Thermometer.   
      Micron Q1289  
Range: -50 to 1050ͦ C                                                                                                                    
 
Figure 19: Data-Taker. 
DT50                                                                                          
      .                                                      
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Figure 20: Temperature and Humidity logger. 
Micron Q1268   
Range:  -40 to 70ͦ C                                                          
Range:  -40 to 70ͦ C                                                
0 to 100% RH                                                                                                                                                                                                                                                                                                                                   
 
Figure 21: Thermocouple Sensor. 
Temperature Sensor 
K type 
Range: 0 to 482ͦC 
 
Figure 22: Sport Timer. 
. 
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3.3. Electrical and Thermal Performance Evaluation 
 
      The combination of electrical and thermal efficiency describes the performance of PV/T 
collector. The terms of electrical and thermal efficiency are correspondingly the ratio of 
electrical and thermal gain of the collector to the incident solar irradiation on the collector’s 
aperture within a given period [52]. The total efficiency is the sum of electrical and thermal 
efficiency and is commonly used to evaluate the PV/T system.  
There are three types of efficiencies that are described for a PV/T collector. The first one is 
electrical efficiency that depends on resistive load consumed power, incident solar irradiance 
and PV module temperature. The following equation defines electrical conversion efficiency of 
the system [53]:   
ηel =  
Im   × Vm
Ir × Apvt
                                                                                                               Equation (1) 
Where, 
Im  : Maximum current  
Vm : Maximum voltage  
Ir : Incident solar radiation  
Apvt : Area of the panel  
 
The second type of efficiency is thermal efficiency which is calculated as:  
ηth =  
m× Cp ×(Tout−Tin )
Ir × Apvt
                                                                                                Equation (2) 
Where, 
m: Mass flow rate (kg/s)  
Cp : Specific heat capacity of water (4186J/kg.℃) 
Tout : Water temperature out from collector (℃)  
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Tin  : Water temperature in of collector (℃) 
Ir : Incident solar radiation (W/m
2) 
Apvt : Photovoltaic thermal collector area (m
2) 
 
The third type of efficiency is the sum of electrical efficiency and thermal efficiency which is 
known as total efficiency and calculated as:  
ηtot = ηel + ηth                                                                                                            Equation (3) 
3.3.1. Energy and Exergy Efficiency of Solar Panel 
 
     Based on first law of thermodynamics, the general formulation of the exergy equation for an 
open system under steady state assumption can be calculated as [54]:  
Exin = Exout                                                                                                                 Equation (4) 
The general formula for the exergy balance can be written as:  
Exin − Exout  = Exlost                                                                                                 Equation (5) 
Where; 
Exin = Exsolar 
Exout = maximum amount of exergy that can be achieved from the system  
The amount of power converted and collected when a solar cell is connected to an electrical 
circuit is known as solar cells energy conversion efficiency [55]. The energy efficiency of the 
solar PV can be described as the ratio of energy out to energy in of the solar PV. The power out 
of the solar PV system depends on surface temperature and solar insolation [55]. The following 
equation can be used to calculate the energy conversion efficiency of the solar module [52]:   
The simplified equation of current-voltage characteristics of the electrical circuit of PV cell as 
shown below:  
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                                                                                        Equation (6) 
The electrical output power of solar PV is:  
Pel = I × V                                                                                                                    Equation (7) 
The maximum output power from solar PV is calculated as:  
Pmax = Vmax × Imax                                                                                                     Equation (8) 
Pmax = Vop × Isc × FF                                                                                                 Equation (9) 
The fill factor of solar PV varies according to ambient temperature and solar radiation intensity 
and it can be calculated by using the formula as shown below:  
FFcell  = 
Vmax × Imax
Vop × Isc
                                                                                                    Equation (10) 
The PV modules absorb solar energy from the sun and convert it to thermal energy and 
electrical energy, which is dissipated by radiation, convection and conduction. The electrical 
conversion efficiency of solar PV system depends on type of solar cell at standard temperature 
and pressure [52]. The range of electrical conversion efficiency of solar cells is about 6-15%. 
With an increase of 1℃ in temperature, there is a reduction of the photoelectric efficiency by 
0.5%. Due to that, the PV cells could be cooled by passing water or air on the back of the panel 
mainly in the hot region [52].  
An exergy efficiency of the solar PV module can be described as the ratio of total exergy output 




                                                                                                             Equation (11) 
Inlet exergy from the solar radiation to solar PV system can be written as [56]: 
Exinput  = A×G × [1 - (4/3) × (Ta/Tm) + (1/3) × (Ta/Tsun)
4]                                   Equation (12) 
Where, 
A: Area of the module  
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G: Solar radiation intensity  
Ta : Ambient temperature  
Tm : Module temperature  
Tsun : Sun temperature (5500℃) 
 
The sum of electrical exergy and thermal exergy is defined as outlet exergy of the solar PV 
system [56].  
Exoutput = Exelectrical  + Exthermal                                                                             Equation (13) 
The electrical exergy and thermal exergy of solar PV module can be calculated as: 
Exelectrical  = Voc × Isc × FF                                                                                    Equation (14) 
Exthermal = Q × [1 - 
Ta
Tm
 ]                                                                                         Equation (15) 
Hence, 
Q = U × A × [Tm - Ta]                                                                                            Equation (16) 
Tm = Ta + (NOCT – 20) × 
G
800
                                                                                 Equation (17) 
The overall heat loss coefficient of a photovoltaic module, convective heat transfer coefficient 
and radiative heat transfer coefficient can be calculated by using the following equations [55]:  
U = hconv + hrad                                                                                                        Equation (18) 
hconv = 2.8 + 3Vw                                                                                                      Equation (19) 
hrad = εϭ × (Tsky +Tm) × (Tsky
2 +Tm
2)                                                                   Equation (20) 
The sky effective temperature can be calculated as: 
Tsky = Ta – 6                                                                                                               Equation (21) 
Where, 
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Ϭ: Stefan Boltzmann constant (5.67 × 10−8 W/m2 − k) 
ε: Emissivity of the panel  
U: Overall heat loss coefficient 
hconv : Convective heat transfer coefficient 
hrad : Radiative heat transfer coefficient 
Vw : Wind velocity 















39 | P a g e  
 
Chapter 4: Modelling and Simulation Methodology  
 
4.1. Simulation of PV/T System for Residential Use in Perth 
 
4.1.1. Polysun Designer Simulation Software 
 
        Polysun designer simulation software is established by Vela Solaris Company [57]. The 
first version of this software was released in 1992 by the Institute Fur Solartechnik. Polysun is 
used to design, analyse and calculate the production and consumption of renewable energies 
such as solar thermal, photovoltaic and combined systems [1]. The program includes a library 
with module list database of photovoltaic modules, solar thermal collectors, inverters, cooling 
and heating units [57]. The user can design a new model configuration or using one of the 
sample systems which exist in the software [57]. The calculations in the Polysun are based on 
dynamic simulation model by using world geometric weather data.  
Different scenarios for the solar system are taken into consideration for example, a PV/T water 
collector, a solar thermal flat plate collector, a PV system and combined flat plate collector with 
PV system. The pros and cons of each configuration in terms of electrical, thermal, power 
output and system cost are demonstrated.   
The simulation layout of PV/T collector is created in Polysun as shown in Figure 23.  
 
Figure 23: Simulation Layout of PV/T Collector in Polysun 
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The simulation design contains an inverter, a set of PV/T collectors, storage tank, pump, gas 
boiler, mixing valve, cold water supply, and hot water demand.   
 Table 9 and Table 10 show average hot water consumption and daily load from the load profile 
of a single family living in Perth, Kardinya 6163 refer to Appendix E1.  
Table 9: Hot Water Consumption for a Single Family. 
Family 
Members 









Hand wash Daily 45 3.1 
Showering Daily 45 35.1 
Bathing Daily 45 120.1 
Hair Washing Daily - 9.1 
Cleaning Daily - 3.1 
Cooking Daily - 2.1 





Twice in a week 50 30.1 
 
Hot Water Consumption for Dishwashing and Washing Machine Per 








Table 10: Average Daily Electrical Load from load Profile of a Single Family 
Appliances Description Energy Consumption 
kWh 
Ceiling Lights 0.875 
MAM TV 0.2 
Derby Aircon 3 
Sunbeam Heater 2.25 
Airflow 0.06 
Washing & Dryer 0.6 





Steam Cooker 0.3 
Fridge 2.4 
Daily Energy Consumption 10.14 
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The main objective while doing simulations of PV/T system is that the system should achieve a 
daily load of electricity and hot water demand as shown in Table 9 and Table 10. Residents 
living in a house consume around 53.6 L/day of water per person. An average daily load of the 
house is about 10 kWh, and average annual consumption is 3650 units. On average, the number 
of people in a family consists of four members in the house. 
The designed PV/T system is 2.5 kW, and hot water demand is set to 214 L/day. Three parts 
were followed while doing feasibility and economic study of PV/T system in the local 
environment (Perth) by using Polysun simulation software:  
4.1.2. 1
st
 Part: Technical Aspects of the Simulation  
 
1- Before creating simulation layout of PV/T system, the daily load of electricity for a 
single family was calculated from the daily load profile of a single family living in 
Perth, Kardinya 6163 Appendix E1.  
2-   Next, the daily load of hot water for a single family and heat requirement were 
calculated by using the following equation [8]:  
VHW = number of people × daily hot water consumption per person  
QHW= VHW × cW × ∆T                                                                                  Equation (22) 
Where, 
VHW : Average hot water quantity  
cW : Specific heat capacity of water = 1.16 Wh/kgK 
∆T: Temperature difference between hot and cold water 
3-  Then, the weather data was collected from the Polysun simulation software. 
4- Thereafter, the number of arrays of  PV/T system were calculated based on the equation 
shown below : 
Array size =
Daily load (kWh)
PSH ×System losses 
                                                                    Equation (23) 
5- The average daily and yearly electrical energy productions of 2.5 kW system by using 
280Wp PV/T in Perth were calculated according to formula as shown below [11]. Refer 
to Appendix E2. 
42 | P a g e  
 
Esystem = Earray × finv × Ls                                                                  Equation (24) 
Earray = PSH × ftemp × fman × fdirt × PSTC × N                             Equation (25) 
ftemp =  1 + (y × (Tcell_eff − Tstc))                                                         Equation 
(26) 





= 3.6 MJ/m2  
Where, 
Esystem (kWh): Average daily energy output of the PV system  
Earray (kWh): Average daily energy output of the PV array  
finv: Inverter efficiency  




): Peak sun hour  
ftemp %: Temperature de-rating factor  
fman %: Manufacturing tolerances = 0.97 
fdirt %: de-rating factor for dirt = 0.95 
PSTC (W): Rated output power of the module under STC = 280 W 
N: Number of modules in the array 
y (C ͦ) = Power temperature co-efficient for monocrystalline cells 
             Tcell_eff (C
ͦ): Module cell temp 
Tstc (C ͦ): Temperature at standard test condition  
6- Next, simulation layout of PV/T collector was created based on electrical and thermal 
energy demand. 
7- Then, the number of PV/T collectors to achieve daily load of hot water and yearly 
thermal and electrical energies were determined.  
8- Thereafter, the size of water tank was chosen based on daily hot water demand and 
thermal output from the PV/T collectors. 
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9-  Lastly, the sensitivity study both for an entire year as well as for each month was made 
to determine the optimum tilt angle of the collectors to maximize the total output of the 
system on a yearly and monthly basis.   
4.1.3. 2
nd
 Part: Financial Analysis  
 
1- After concluding the technical part of the simulations, economic feasibility study was 
done of 2.5 kW PV/T systems in Perth.  
2- The cost of each component and installation with maintenance costs were collected 
from companies and online.  
3- The costs of PV/T collectors’ electricity unit price of Perth were taken into account.  
4- Finally, payback period was calculated based on a formula as shown below [11].  
           Simple payback period =  
Upfront cost
Yearly benefit
                                                        Equation (28) 
Upfront cost = (Initial cost of the system) − (Value of rebates STC)                    Equation 
(29) 
Yearly benefit =  (Exported solar electricity) × (Price of electricity supply to Grid) −




 Part: Comparison 
 
          In this project, polysun designer simulation sofware was used to compare PV/T system to 
two different systems which are solar thermal system and PV system. The electrical and thermal 
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Table 11: Electrical and Thermal Characteristics of PV/T, PV and Flat Plate Collector [58] [44] [46]. 
Electrical Characteristic 
Collector Type Dual Sun PV/T (280M) Silfab PV (SLA 280M) 
Cell Type Monocrystalline Silicon Monocrystalline Silicon 
Module Area 1.654 𝑚2 1.63 𝑚2 
Nominal Power (𝑷𝒎𝒑𝒑) 280 𝑊𝑃 280 𝑊𝑃 
Rated Voltage (𝑽𝒎𝒑𝒑) 31.95 V 32.13 V 
Rated Current (𝑰𝒎𝒑𝒑) 8.77 A 8.72 A 
Open Circuit Voltage (𝑽𝒐𝒄) 38.88 V 39.12 V 
Short Circuit Voltage (𝑰𝒔𝒄) 9.30 A 9.3 A 
Maximum System Voltage 1000 V DC 1000 V DC 
Normal Operating Cell 
Temperature (NOCT) 
46.9ͦC 43ͦC 
Standard Test Condition 
(STC) 
1000 W/𝑚2 , AM 1.5 , 25ͦ C 1000 W/𝑚2 , AM 
1.5 , 25ͦC 
Power Tolerance 0/+3 % +5% - 0% 
Efficiency η 17.2% 17.1% 
Thermal Characteristic 
Collector Type PV/T (280M) Flat Plate Collector 
(SOLC201) 
Gross Area 1.65 1.71 
Thermal Power Output 943𝑊𝑡ℎ 1365𝑊𝑡ℎ 
Volume of Heat Transfer 
Liquid 
5 L 5.3L 
Maximum Temperature 80 ͦC 199 ͦC 
Optical Efficiency 55.9% 74.8% 
Heat Loss Coefficient 15.8 W/K/𝑚2 3.93 W/K/𝑚2 
 
1- Electrical, thermal outputs of different cases as well as area requirements were 
compared to PV/T system  
2- The same economic analysis that was made for PV/T system was used for solar thermal 
and PV system and the outcomes were compared.  
3- Finally, investigation was made about how much the economic feasibility of PV/T 
system would differ from solar thermal and PV system in Perth.  
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Chapter 5: Results and Discussion of Experimental study  
 
5.1. Performance Evaluation of PV/T for different Water Mass Flow Rate 
 
5.1.1. Fluctuation of Thermal Efficiency for Different Mass Flow Rate  
 
      PV/T system was used at tilt 32° in order to determine the thermal efficiency for different 
mass flow rates ranging from 0.0163 to 0.0455 kg/s. When mass flow rate increases, the thermal 
efficiency increases as well.      
Figure 24 illustrates the fluctuation of thermal efficiency for various mass flow rates for PV/T at 
32°tilt. Above 80% of energy incident on panel is spread as heat and due to this, the temperature 
of panel rises. Thermal efficiency of PV/T fluctuates from 22% to 90% for various mass flow 
rates. The average thermal efficiency was found to be 39.6%, 42.7% and 51.8 % for mass flow 
rate of 0.0163, 0.0208 and 0.00455 kg/s respectively.  
 























































































































Fluctuation of Thermal Efficiency for Different Mass Flow Rate for 
PV/T  
Mass Flow Rate (m = 0.0163 kg/s) Mass Flow Rate (m = 0.0208 kg/s)
Mass Flow Rate (m = 0.0455 kg/s)




5.1.2. Fluctuation of Electrical Efficiency for Different Mass Flow Rate  
 
     The absorber plate which is attached at the back of the PV/T panel cools the PV module and 
improves its electrical performance. Furthermore, electrical performance of the PV/T improves 
in accordance with the rise of mass flow rate. 
The electrical conversion efficiency of PV/T model depends on type of solar cell at standard 
temperature of 25℃  and solar radiation of 1000W/𝑚2. Figure 25 demonstrates the fluctuation 
of electrical efficiency for various mass flow rates for PV/T. The range of electrical conversion 
efficiency of solar cells fluctuates between 12-15%. With an increase of 1℃ in temperature, 
there is a reduction of the photoelectric efficiency by 0.3%. For mass flow rate of 0.0455 kg/s 
the average electrical efficiency is found to be 14% which is higher than mass flow rate of 
0.0208 and 0.0163 kg/s which is 13.8% and 13.3% respectively. 
 



























































































































Fluctuation of Electrical Efficiency for Different Mass Flow Rate 
for PV/T  
Mass Flow Rate (m = 0.0163 kg/s) Mass Flow Rate (m = 0.0208 kg/s)
Mass Flow Rate (m = 0.0455 kg/s)
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5.1.3. Fluctuation of Total Efficiency for Different Mass Flow Rate  
 
     Total efficiency of PV/T system is a sum of electrical efficiency and thermal efficiency. 
They are commonly used to evaluate the PV/T system. Thermal and electrical performances are 
independent to flow rate. When electrical and thermal efficiency increases, the overall 
efficiency increases as well. 
Figure 26 describes the fluctuation of total efficiency for different mass flow rates for PV/T 
system. The minimum and maximum average total efficiency was found to be 33.3% to 98.6% 
for mass flow rate of 0.0455 kg/s. The average total efficiency of PV/T is found to be 64.6 % 
for mass flow rate of 0.0455 kg/s which is higher than mass flow rate of 0.0208 kg/s and 0.0163 
kg/s.  
 
























































































































Fluctuation of Total Efficiency for Different Mass Flow Rate for 
PV/T  
Mass Flow Rate (m = 0.0163 kg/s) Mass Flow Rate (m = 0.0208 kg/s)
Mass Flow Rate (m = 0.0455 kg/s)




5.1.4. Fluctuation of Exergy Efficiency for Different Mass Flow Rate  
 
     The ratio of total exergy output which is gained by the PV to total exergy input from the 
solar radiation which is known as exergy efficiency of the solar PV system. Exergy out is the 
sum of electrical exergy and thermal exergy. Exergy input depends of solar radiation, ambient 
and module temperature. Exergy efficiency was measured in different mass flow rates for every 
15 minutes as shown in below Figure 27. 
Pratish Rawat indicated that, ‘’the exergy of a system is considered as the part of low grade 
energy which is available for conversion to high grade energy’’ [52]. Figure 27 below describes 
the fluctuation of exergy efficiency for different mass flow rates for PV/T system ranging from 
0.0163 to 0.0455 kg/s. The average exergy efficiency of PV/T is found to be 65.1% for mass 
flow rate of 0.0208 kg/s which is higher than mass flow rate of 0.0163 and 0.0455 kg/s due to 
higher exergy out and energy in of the system. 
 






















































































































Time  (Hour) 
Fluctuation of Exergy Efficiency for Different Mass Flow Rate 
for PV/T  
Mass Flow Rate (m = 0.0163  kg/s) Mass Flow Rate (m = 0.0208  kg/s)
Mass Flow Rate (m = 0.0455  kg/s)
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5.2. Performance Evaluation of PV/T, Solar Thermal and PV with Water 
Mass Flow Rate of 0.0163 Kg/s on 25
th
 October 2018 
 
5.2.1. Fluctuation of Global Radiation and Ambient Temperature 
 
      Figure 28 signifies the fluctuation of global radiation and ambient temperature during the 
day. The higher solar radiation means higher temperature of solar module and it results in 
higher electrical conversion efficiency of solar cell. It can be seen that global radiation starts 
increasing with the passing time. At about 12:00 pm it hits its highest peak of 1052 W/𝑚2 and 
then it slowly decreases. At 02:15 pm it reaches the global radiation of 775 W/𝑚2.  
 
Figure 28: Fluctuation of Global Radiation and Ambient Temperature. 
 
5.2.2. Fluctuation of Front Panel Temperature of PV/T, PV and Flat Plate 
Collector 
 
       Figure 29 describes the variation of front panel temperature of the three systems. Front 
panel temperature of PV/T, flat plate collector and PV starts increasing with passing time due to 
the increase of solar radiation. In addition, front panel temperature of PV is faster than PV/T and 
















































































































































Fluctuation of Global Radiation and Ambient Temperature  
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temperature of PV, PVT and flat plate collector reaches 50. 2℃, 32. 1℃ and 20. 9℃ 
respectively.  
 
Figure 29: Fluctuation of Front Panel Temperature of PV/T, PV and Flat Plate Collector. 
 
5.2.3. Test Results of PV/T and Flat Plate Collector 
 
     The main component of PV/T and flat plate collector is absorber. Absorber generates heat by 
absorption of the solar radiation due to that temperature of water rises. The inlet and outlet 
temperature difference of PV/T and flat plate collector can be seen in Figure 30. The ambient 
temperature is higher than inlet water temperature which allows higher heat transfer and better 
thermal efficiency. The water outlet temperature of PV/T and flat plate collector reaches up to 






































































































































Fluctuation of Front Panel Temperature of PV/T, PV and Flat 
Plate Collector  
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Figure 30: Fluctuation of Inlet and Outlet Temperature of PV/T and Solar Thermal Collector. 
 
The fluctuation of thermal efficiency of PV/T and flat plate collector can be seen in the Figure 
31. The average thermal efficiency of flat plate collector is found to be 57% which is almost 
similar to the conversional flat plate collector which is 62% [59]. The average thermal 
efficiency of PV/T is found to be 40% which is lower compared to conventional collector which 
is 55.9% [44]. 
 






















Fluctuation of  Inlet and Outlet Water Temperature of PV/T and 
Flat Plate Collector 
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Fluctuation of Thermal Efficiency of PV/T and Flat Plate 
Collector 
Thermal Efficiency of PV/T(η_th) 
Thermal Efficiency of Flat Plate Collector(η_th) 
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5.2.4. Test Results of PV/T and PV Collector 
 
          Figure 32 illustrates the variation of electrical efficiency of PV/T and PV system during 
the day. The electrical efficiency of PV/T and PV systems found to be between 10.3% to 15.2% 
and 3% to 4% respectively throughout the day and reduces due to less solar irradiation in the 
evening  
 


























Fluctuation of Electrical Efficiency of PV/T and PV   
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 Part: Technical Aspects of the Simulation 
 
6.1.1. Performance of PV/T System for Residential use in Perth 
 
          Radiation and weather data are the primary requisites to analyse modelling and designing 
of a solar PV and solar heating system. The main considered factors are maximum and 
minimum ambient temperature, values of solar irradiation, wind speed and air humidity. 
6.1.2. Climate and weather in Perth 
 
      Perth is one of the major cities in Australia with latitude and longitude coordinates being -
31° 57' 12.6432'' S, 115° 51' 25.3728'' E respectively [60]. The climate in Perth is 
Mediterranean and this means it is usually sunny throughout the year. Summer in Perth starts in 
December with an average high temperature of 27 - 30 ℃ during daytime and continues until 
the end of February with an average high temperature of 30-33℃ at daytime. The autumn 
season begins in March with an average high temperature of 27-30℃ during the day and lasts 
until the end of May with an average high temperature of 21-24℃ at daytime. Winter 
commences in June with an average high temperature of 18-21℃ during the day and continues 
until the end of August with an average high temperature of 18-21℃ at daytime. Spring starts in 
September with an average high temperature of 18-21℃ during the day and lasts until the end of 
November with an average high temperature of 24-27℃ at daytime [60]. The monthly climate 
data for Perth based on Polysun designer software is in Figure 33.  
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Figure 33: Monthly Climate Data for Perth According to Polysun Weather Data. 
 
The average daily irradiation in Perth during summers is about 28.6 MJ/𝑚2, which is higher 
than in the winter months with irradiance of about 10.5 MJ/𝑚2, mainly owing to longer 
sunshine periods. Moving closer to the equator reduces this difference as seasonal variations are 
less pronounced as in Figure 33.  
The average peak sun hours in Perth are measured according to conversion factors of solar 
energy (MJ) and irradiation (kWh): 
1 MJ = 
𝟏
𝟑.𝟔
 kWh  
Thus,  
The average peak sun hours in Perth are 5.3 kWh as shown in Figure 34:  
23.6 23.7 22.4 
18.7 16.2 
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Figure 34: Average Daily Total Irradiation in Perth 
 
6.1.3. Electrical Performance of the PV/T System 
 
6.1.3.1. Daily Load of Electrical Energy for a Single Family  
 
     The seasonal average daily load of residents in the house is around 10kWh. Usually the 
average number of family numbers in a single family in a house is four people. The off-peak 
load for summer and winter is from (08:00 AM to 03:00 PM and 08:00 AM to 04:00 PM) 
respectively. The daily electrical load consumption for summer and winter is around (8.8 
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Figure 35: Average Daily Load from load Profile of a Single Family. 
 
The goal in the simulation is set to cover the daily and yearly electrical consumption of 10 
kWh/day and 3650 kWh/year based on daily load of residents as shown in Figure 35. Using 5 
Dual sun spring 280Wp monocrystalline collectors (same type of PV/T that was used in the 
experiment) produces 2412.3kWh/year. By increasing the number of collectors from 5 to 7 it 
produces 3381 kWh/year. By increasing the collectors to 9, it is possible to cover 10kWh/day 
which produces 4,343.8 kWh/year of electrical energy as shown in Figure 36. 
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6.1.4. Thermal Performance of the PV/T System 
 
6.1.4.1. Daily Load of Hot Water for a Single Family 
 
             Residents in the house consume around 53.6 L/day of water per person as mentioned in 
Table 9. The average number of single family in house goes up to 4 people. The hot water 
demand is 214 L/day, and yearly energy required to heat that amount of water is approximately 
3,182.3 kWh/year Appendix E1. The hot water demand of 214 L/day is set in the simulation. 
Using 9 Dual sun spring 280Wp monocrystalline collectors, it is possible to cover 75% of hot 
water demand as shown in Figure 36. 
The size of water storage has been chosen based on daily hot water demand and thermal output 
from the PV/T collectors. Water tank with a volume of 150 litres will not provide enough 
storage for hot water. By increasing the volume of storage to 200 litres, the thermal output of 
PV/T system increases by 10%. Therefore, the water tank with a volume of 300 L is suitable for 
hot water storage for a daily load of 214 L/day as shown in Figure 37. 
 
Figure 37: Annual Thermal Output of PV/T System with Different Tank Volume. 
 
The electrical and thermal output of PV/T collectors are verified at 13 different tilt angles from 
0ͦ to 96ͦ. It can be concluded that, a tilt angle of 32ͦ gives the best outcome for thermal power 




































Annual Thermal Output vs Tank Volume  
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power output throughout the year. The highest performance of PV/T collector throughout the 
year at tilt angle of 32ͦ with total power output of 6,382.8 kWh/year has been shown in Figure 
38. 
 
Figure 38: Electrical and Thermal Performance of PV/T Collectors at Different Tilt Angles. 
 
In the simulation, an additional study is done to expose the best tilt angle for each month. For 
different months, certain tilt angles give a better performance of PV/T collectors. For 
maximizing the thermal, electrical and total power output of PV/T collectors, then certain tilt 
angles should be selected for each month as shown in Figure 39. 
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Figure 39: Optimum Tilt Angle for Each Month to Maximize Power Output of PV/T Collectors. 
 
The highest performance of PV/T collector throughout the year is observed at tilt angle of 32ͦ. 
Hence, this angle has been chosen as an optimum tilt angle and the system is designed based on 
this tilt angle. Figure 40 illustrates electrical, thermal and total power output of the PV/T system 
with respect to different months at tilt angle of 32ͦ.      
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 Part: Financial Analysis of the Simulation 
 
6.2.1. Economic Feasibility of PV/T System for Residential use in Perth 
 
     The total cost of the designed PV/T system with all its included components such as 
collectors, an inverter, storage tank, pumps, external heater, accessories, workmanship, and 
cables is about $11,208 AUD. 9 Spring 280 monocrystalline PV/T collectors account to be 49% 
which is almost half the total cost. The cost of thermal, electrical and others are around ($2,500, 
$1,263 and $2,000 AUD) respectively.  
 
Figure 41: PV/T System Cost Break Down 
 
Considering the period under observation of PV/T system is 20 years, given the electricity and 
gas unit price, subsidy, export electrical energy to grid, import electrical energy from grid and 
energy saved by using gas boiler, it is estimated that the total length of payback period of the 
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Table 12: Economic Study of the PV/T system in Perth. 
Total Cost of The System $11,208 AUD 
Lifespan 20 years 
Subsidy (STC) $2,175 AUD 
Upfront Cost $9,033 AUD 
Electricity Export to Grid 2,581 kWh/year 
Electricity Import from Grid 1,896 kWh/year 
Electrical Energy Used by Appliances  3650 kWh/year 
Thermal Energy Used to Heat Water 3182.3 kWh/year 
Energy Saved by Using Gas Boiler 6,609.7 kWh/year 
Electricity Unit Price 28 c/kWh 
Electricity to Grid Price 7 c/kWh 
Gas Unit Price 14 c/𝑚3 
Net Saving  $1158.8 AUD/year 
Simple Payback Period  7.79 years 
 
A designed 2.5 kW PV/T system in the simulation software by itself has electrical and thermal 
net power bills of $350p/a and $479.8p/a respectively. Without PV/T system electrical and 
thermal bills would be $1029.8 and $925.3. The actual savings of electrical and thermal are 
$1158.8 which gives a pay off period of 7.79 years. Figure 42 signifies the export and import of 
electrical energy of PV/T collector.  
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6.2.2. PV/T System with Storage Battery  
 
      In the simulation, another study is made which is a designed PV/T system with storage 
battery. The capacity of the battery has been chosen based on daily electrical load requirement 
which is 10 kWh. From the load profile in Figure 35, off-peak load of electrical consumption 
for winter and summer are 4.78 kWh and 4.43 kWh respectively. The energy required from the 
storage to meet the daily load will be approximately 5.22 kWh for winter and 5.57 kWh for 
summer. This is the underlying reason of choosing the battery of 5.56 kWh capacity in the 
simulation. The simulation layout of 2.5 kW PV/T system with storage battery is shown in 
Figure 43. 
 
Figure 43: Simulation Layout of PV/T System with Electrical Storage in Polysun. 
 
6.2.3. Electrical Performance of the PV/T System with Storage Battery  
 
           Residential electricity consumption is greater in the mornings and evenings when the 
residents are at home as shown in Figure 35. The total electrical energy production from the 
system is 4,343.8 kWh/year. Out of that, 625 kWh/year is exported to external grid as excess 
power and 448.3 kWh/year is used by appliances. In addition, 1965 kWh/year of energy is 
63 | P a g e  
 
supplied from system to charge the battery during the day and 1449 kWh/year of energy is used 
by appliance from battery. More information may be gathered from Figure 44. 
 




 Part: Comparison 
 
     In this study, PV/T system is defined as base case and solar thermal flat plate collector, solar 
photovoltaic system and combined flat plate collector with PV system are examined under 11 
cases with different scenarios: same size of a PV system which have same maximum rating 
power as PV/T system, flat plate collector that will produce the same thermal power as PV/T 
system and combined flat plate collector with individual PV that will supply same thermal and 
electrical power as PV/T system. Electrical and thermal performance, rooftop area requirements 
and economic feasibility of these different solar energy technologies are assessed. The different 
scenarios can be seen in Table 13. 
56.8 54.7 65.4 
36 25.2 18.9 17.9 
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48.2 45.4 34.4 
60.7 
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30.4 














































Electrical Performance of PV/T with Storage Battery 
To external grid (KWh) From external grid (KWh)
Electrical output from the system KWh/year Battery charging energy (KWh)
Battery discharging energy KWh
64 | P a g e  
 
Table 13: Assessed Different Solar Thermal Technology with PV/T System. 
Scenarios Solar Energy 
Technology 
Thermal Storage Electrical Storage 
Base Case PV/T Gas boiler 300lt - 
Case 1 PV/T Electrical heater 
300lt 
- 
Case 2 PV/T Gas boiler 300lt Battery 5.56kWh 
Case 3 PV/T Electrical heater 
300lt 
Battery 5.56 kWh 
Case 4 PV - Battery 5.56 kWh 
Case 5 PV - - 
Case 6 Flat plate collector Gas boiler 300lt - 
Case 7 Flat plate collector Electrical heater 
300lt 
- 
Case 8 Flat plate collector + 
PV 
Gas boiler 300lt - 





Case 10 Flat plate collector + 
PV 
Gas boiler 300lt Battery 5.56 kWh 




Battery 5.56 kWh 
 
6.3.1. Electrical Performance of PV/T and assessed cases 
 
      The electrical performance of PV/T collector (Base case) is better than the individual PV 
collector (Case 5) which has same maximum power rating as PV/T collector. The annual 
electrical energy production of base case and case 5 is about 4,343.8 and 4,263 units 
respectively. The electricity consumption from the system of base case is less than case 1,3,7,9 
and 11 due to gas boiler used as a backup for thermal storage instead of an electrical heater. 
More details can be observed in Figure 45. 
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Figure 45: Electrical Performance of PV/T under Different Cases 
 
6.3.2. Thermal Performance of PV/T and assessed cases  
 
      With respect to thermal energy production, flat plate collector (case 6) is better than PV/T 
collector (base case). The annual thermal production of case 6 is about 2,461 kWh/year while, 
annual thermal production of base case is about 2,039 kWh/year. Also, thermal performance of 
gas boiler of PV/T system is better than electrical heater, however, the thermal performance of 
























Electrical Performance  of PV/T vs Same Size of a PV System 
under different secnarios  
Electrical energy kWh/year Battery charging kWh/year
Battery discharging kWh/year
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Figure 46: Thermal Performance of PV/T and Flat Plate Collector under Different Cases. 
 
6.3.3. Economic Analysis   
 
         Rooftop area requirements and economic feasibility of these different solar energy 
technologies are assessed and the results of the cases are illustrated in the Table 14 Appendix F1 













































Thermal Performance of PV/T and Flat Plate Collector that will 
Produce Same Thermal Power as PV/T  
 
Thermal energy kWh/year
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The unit cost of PV/T system is higher than individual solar hot water heating system and 
individual PV system. However, when using PV and solar hot water heating system separately, 
it would cost higher than a combined system. Furthermore, payback period of PV/T system is 
lower than a system using PV and solar hot water heating separately. Therefore, PV/T system 
tends to be economically profitable under Perth climate .  A solar hot water heating system is 
the least commercial type of system for residential use in Perth. Moreover, in terms of power 
output vs. area, a system using solar hot water heating and PV system require more area than 
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Chapter 7: Conclusion and Recommendations 
 
         The primary objective of the project is a feasibility study of solar photovoltaic thermal 
(PV/T) water collector system in a local environment and it compares between two different 
solar energy technologies such as solar photovoltaic (PV) and solar water heating system. The 
solar PV/T system reduces the heat losses from the solar panel. The electrical and thermal 
performances of a combined PV/T, solar water heating system and PV system are illustrated in 
chapter 5 and 6. The thesis report encompasses of two sections; experimental, modelling and 
simulation. In the experimental section, the tests scenarios for three systems are conducted with 
various mass flow rates varying from 0.0163 kg/s to 0.045 kg/s. It has shown that the water 
circulation through the PV/T collector decreases the overall temperature of the solar cells and it 
results in a significant improvement in the electrical output of the system. The average electrical 
efficiency of PV/T was found to be 13.3%, 13.8% and 14% for the mass flow rate of 0.0163 
kg/s, 0.0208 kg/s and 0.0455 kg/s respectively. Due to the increase in mass flow rate of water, 
average electrical efficiency of PV/T increases. This is because of an increase in the cooling rate 
of panel. The maximum average electrical efficiency of PV system is found to be 4% which is 
lower than a conventional PV which is 16% to 17%. The average thermal efficiency of PV/T 
was found to be 39.6%, 42.7% and 50.2% for the mass flow rate of 0.0163, 0.0208 and 0.00455 
kg/s respectively similar to conventional PV/T. The average thermal efficiency of solar water 
heating system was found to be 57%, 64% and 65.2% for the mass flow rate of 0.0163, 0.0208 
and 0.00455 Kg/s respectively which is similar to conventional collector which is 60% to 
65%.The maximum average total efficiency of PV/T was found to be 63.5% in mass flow rate 
of 0.045 kg/s which is higher than average total efficiency of mass flow rate 0.016 and 0.0208 
kg/s which is 53.3% and 50% respectively. Exergy analysis of PV/T was carried out for various 
mass flow rates and it concluded that exergy efficiency of solar PV/T decreases when mass flow 
rate increases. In the modelling and simulation section, a Polysun designer simulation software 
is used for designing and modelling a PV/T system for residential use in Perth. The electrical 
and thermal performances as well as its economic feasibility are discussed in chapter 6. Three 
parts were discussed while carrying out the feasibility and economic study of PV/T system in 
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the local environment (Perth) by using Polysun simulation software including technical aspects, 
financial analysis and the comparison PV/T to two different solar technologies such as PV and 
flat plate collector. The results based on modelling and simulation indicated that, designed PV/T 
system for residential use in Perth exposed that in terms of cost wise less efficient than 
individual PV and individual solar water heating system but more efficient than a system using 
PV and solar water heating system together. The advantages of PV/T system are obtained when 
there is a demand for both heat and electricity. From the results observed, the electricity output 
of a PV/T system is greater than compared to a similar sized of a PV system. In terms of 
thermal performance, a PV/T system produces less thermal output than a similar sized of solar 
water heating system. If there is a demand for electricity only, having a PV system would be a 
better option than PV/T due to lower costs and shorter payback period. In the case of heat 
demand only, having solar water heating system is a better option than PV/T system due to 
lower unit costs and better thermal performance. In the case of both heat and electricity demand, 
using a PV/T system is a better option than a system using PV and solar water heating together 
due to lower unit costs, shorter payback period and less area requirement Therefore, PV/T 
system tends to be economically profitable under the climate and economic circumstances in 
Perth. 












The solar hybrid water collector is more suitable for hot and warm climate conditions. There are 
several methods by which the performance of the solar hybrid PV/T system can be increased 
[9]. When the output is increased, the payback period is shortened. Therefore, the payback 
period should be taken into consideration before making any modification in the system. 
Following future scopes may assess the performance of PV/T system:  
1- Involving a plane reflector in the PV module, the overall efficiency of the system could be 
increased by increasing the area of receiving sunlight of PV module [9].  
2- Simulation of PV/T system by using MATLAB or TRANSYS software. 
3- Comparing experimental results with simulation results. 
4- Performance of PV/T system can be assessed by using different types of working fluid 
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Appendix A1: Gantt chart for the project 
 
Task Name Duration Start Finish 
Thesis Duration in one 
Semester 
167 days Mon 02/07/18  Fri 25/01/19  
Project Plan 2 days Tue 03/07/18  Wed 04/07/18  
Identification of a specific for 
Research 
2 days Tue 03/07/18  Wed 04/07/18  
Supervisor Meeting Regarding 
the Project Plan 
1 day Thu 05/07/18  Thu 05/07/18  
Outlining the Main Aims of 
the Project and its 
Significance 
2 days Fri 06/07/18  Sat 07/07/18  
Drafting the Project Plan 1 day Sun 08/07/18  Sun 08/07/18  
Final submission of the 
Project Plan 
1 day Mon 09/07/18  Mon 09/07/18  
Literature Review 60 days Tue 10/07/18  Fri 21/09/18  
Obtain and Analyse Previous 
Studies on PV/T Water 
Collector 
4 days Fri 20/07/18  Wed 25/07/18  
Drafting the Literature Review 6 days Thu 26/07/18  Thu 02/08/18  
Discuss the Literature Review 
with my Supervisor 
1 day Fri 03/08/18  Fri 03/08/18  
Some Modifications for the 
Literature Review if Needed 
3 days Sat 04/08/18  Tue 07/08/18  
Design Test Scenarios for 
Three Systems 
97 days Wed 01/08/18  Fri 30/11/18  
Data Collection 97 days Wed 01/08/18  Fri 30/11/18  
Data Analysis  73 days Tue 14/08/18  Mon 12/11/18  
Use the Data in the Software 
such as RET Screen. 
49 days Sat 08/09/18  Thu 08/11/18  
Write the Entire Literature 
Review before the Submission 
Deadline 
15 days Tue 28/08/18  Fri 14/09/18  
Double Check the Literature 
Review  
11 days Mon 17/09/18  Sat 29/09/18  
Final Submission of the 
Literature Review 
1 day Sun 30/09/18  Sun 30/09/18  
Final Report 89 days Mon 01/10/18  Tue 22/01/19  
Presentation of the Results in 
form of a Final Report  
8 days Tue 02/10/18  Thu 11/10/18  
Report Formatting 17 days Fri 12/10/18  Sun 04/11/18  
Meeting with my Supervisor 1 day Mon 05/11/18  Mon 05/11/18  
Start Writing the Final Report 47 days Tue 06/11/18  Fri 04/01/19  
Proof reading 7 days Sat 05/01/19  Mon 14/01/19  
Correct mistakes 5 days Tue 15/01/19  Sat 19/01/19  
Handing thesis in for 
examination 
1 day Fri 25/01/19  Fri 25/01/19  
Seminar Presentation  10 days Wed 12/12/18  Mon 24/12/18  
Prepare the Presentation  5 days Sat 22/12/18  Thu 27/12/18  
Prepare the Power Point Slides 6 days Mon 24/12/18  Sat 29/12/18  
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Mass Flow Rate 
m = 0.0163 Kg/s 
Mass Flow Rate 
m = 0.0208 Kg/s 
Mass Flow Rate 
m = 0.0455 Kg/s 
8:45 61.4% 69.9% 82.8% 
9:00 69.7% 70.0% 88.0% 
9:15 55.3% 66.0% 84.0% 
9:30 50.1% 50.6% 90.0% 
9:45 48.6% 47.3% 57.8% 
10:00 41.6% 39.7% 57.4% 
10:15 42.7% 46.3% 60.3% 
10:30 39.8% 38.4% 58.8% 
10:45 44.0% 34.3% 36.7% 
11:00 39.3% 38.0% 29.6% 
11:15 43.1% 37.9% 58.8% 
11:30 31.6% 33.0% 38.2% 
11:45 39.2% 33.4% 30.8% 
12:00 29.1% 38.8% 42.1% 
12:15 32.2% 43.8% 42.6% 
12:30 32.8% 36.1% 44.7% 
12:45 32.1% 38.2% 53.1% 
13:00 30.5% 42.7% 32.0% 
13:15 26.4% 38.1% 50.0% 
13:30 25.8% 41.4% 41.9% 
13:45 24.6% 31.6% 20.3% 
14:00 34.8% 32.4% 38.3% 
14:15 35.2% 33.0% 27.1% 
Average Efficiency 39.6% 42.7% 51.8% 
 
 
78 | P a g e  
 




Mass Flow Rate 
m = 0.0163 Kg/s 
Mass Flow Rate 
m = 0.0208 Kg/s 
Mass Flow Rate 
m = 0.0455 Kg/s 
8:45 15.2% 15.8% 15.3% 
9:00 14.6% 15.6% 14.5% 
9:15 14.8% 15.4% 14.6% 
9:30 14.7% 15.4% 17.6% 
9:45 14.5% 15.3% 17.5% 
10:00 14.0% 14.7% 15.6% 
10:15 13.4% 14.2% 13.6% 
10:30 13.1% 13.6% 13.0% 
10:45 12.8% 13.3% 11.7% 
11:00 12.6% 12.9% 13.1% 
11:15 12.4% 12.8% 15.8% 
11:30 12.3% 12.5% 12.3% 
11:45 12.3% 12.4% 11.7% 
12:00 12.3% 12.4% 11.8% 
12:15 12.4% 12.4% 12.1% 
12:30 12.5% 12.6% 13.4% 
12:45 12.7% 12.7% 14.8% 
13:00 13.0% 13.1% 14.2% 
13:15 13.3% 13.3% 12.8% 
13:30 13.6% 13.7% 13.2% 
13:45 14.3% 14.1% 13.0% 
14:00 14.9% 14.5% 14.8% 
14:15 10.3% 14.6% 15.3% 
Average Efficiency 13.3% 13.8% 14.0% 
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Mass Flow Rate 
m = 0.0163 Kg/s 
Mass Flow Rate 
m = 0.0208 Kg/s 
Mass Flow Rate 
m = 0.0455 Kg/s 
8:45 76.6% 85.7% 97.0% 
9:00 84.4% 85.6% 97.5% 
9:15 70.1% 81.4% 98.6% 
9:30 64.8% 66.0% 90.0% 
9:45 63.2% 62.7% 75.3% 
10:00 55.6% 54.5% 72.9% 
10:15 56.2% 60.5% 73.9% 
10:30 52.9% 52.0% 71.9% 
10:45 56.9% 47.6% 48.4% 
11:00 51.9% 51.0% 42.7% 
11:15 55.5% 50.7% 56% 
11:30 43.9% 45.6% 50.5% 
11:45 51.4% 45.9% 42.5% 
12:00 41.5% 51.3% 53.9% 
12:15 44.6% 56.2% 54.7% 
12:30 45.3% 48.7% 58.1% 
12:45 44.8% 50.9% 67.9% 
13:00 43.5% 55.7% 46.2% 
13:15 39.7% 51.4% 62.8% 
13:30 39.4% 55.1% 55.0% 
13:45 38.9% 45.8% 33.3% 
14:00 49.6% 46.9% 53.1% 
14:15 45.5% 47.5% 42.4% 
Average Efficiency 52.9% 56.5% 64.6% 
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Mass Flow Rate 
m = 0.0163 Kg/s 
Mass Flow Rate 
m = 0.0208 Kg/s 
Mass Flow Rate 
m = 0.0455 Kg/s 
8:45 77.2% 83.1% 71.6% 
9:00 72.3% 78.0% 63.2% 
9:15 66.8% 71.9% 62.8% 
9:30 65.0% 65.5% 90.0% 
9:45 60.2% 64.6% 81.9% 
10:00 61.0% 62.8% 65.6% 
10:15 57.7% 59.2% 57.0% 
10:30 55.5% 57.6% 48.9% 
10:45 53.9% 55.4% 44.2% 
11:00 56.1% 57.0% 51.0% 
11:15 56.5% 54.4% 39.0% 
11:30 53.3% 52.0% 45.9% 
11:45 46.4% 51.6% 41.4% 
12:00 47.6% 52.2% 41.5% 
12:15 47.9% 54.7% 43.5% 
12:30 48.3% 54.3% 49.8% 
12:45 48.1% 56.3% 58.6% 
13:00 50.8% 63.4% 57.2% 
13:15 54.0% 70.2% 49.8% 
13:30 58.4% 75.8% 51.8% 
13:45 64.0% 79.9% 48.5% 
14:00 61.8% 86.4% 61.5% 
14:15 52.8% 92.0% 66.7% 
Average Efficiency 57.2% 65.1% 58.1% 
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Appendix C1: Performance Evaluation of PV/T, Solar Thermal and PV with Water Mass Flow Rate of 0.0163 





































8:45 684 28 
0.27 
0.0163 15.77 25.93 17.15 24.08 
9:00 760 30 0.0163 13.87 26.68 15.66 23.05 
9:15 802 29 0.0163 16.15 26.87 17.39 26.52 
9:30 850 30 0.0163 15.75 26.05 16.29 26.50 
9:45 892 29 0.0163 15.95 26.44 16.13 27.43 
10:00 928 31 
0.34 
0.0163 16.73 26.07 16.81 28.63 
10:15 961 31 0.0163 16.19 26.12 16.25 29.30 
10:30 989 31 0.0163 16.98 26.49 16.95 30.53 
10:45 1009 31 0.0163 16.57 27.32 16.51 30.65 
11:00 1029 33 
0.42 
0.0163 17.00 26.79 16.66 31.15 
11:15 1043 34 0.0163 16.69 27.56 16.75 32.69 
11:30 1050 32 0.0163 19.66 27.68 20.13 34.62 
11:45 1051 26 0.0163 19.30 29.27 20.21 34.48 
12:00 1052 26 
0.5 
0.0163 20.07 27.48 20.26 36.51 
12:15 1044 26 0.0163 18.09 26.22 18.16 35.29 
12:30 1036 26 0.0163 20.05 28.26 20.03 35.52 
12:45 1020 25 0.0163 19.83 27.74 19.15 36.17 
13:00 999 26 
0.52 
0.0163 21.58 28.95 21.33 37.97 
13:15 968 27 0.0163 20.07 26.24 18.40 35.35 
13:30 950 29 0.0163 21.30 27.22 20.54 36.51 
13:45 908 30 0.0163 21.18 26.58 20.55 34.76 
14:00 870 30 
0.1 
0.0163 21.52 28.83 20.49 34.47 
14:15 775 30 0.0163 22.39 29.00 21.48 31.91 






















































61.4% 40.5% 303.2 234.0 313.4 75.2 77.2% 24.0% 69.1 238.2 
21.1 13.5 
69.7% 38.9% 352.0 254.6 363.9 92.7 72.3% 25.5% 97.4 271.2 
21.6 14 
55.3% 45.5% 410.0 274.0 423.9 88.0 66.8% 20.8% 136.1 336.0 
20.9 14.3 
50.1% 48.1% 445.9 289.8 461.0 97.1 65.0% 21.1% 156.1 363.9 
22.3 14.5 
48.6% 50.7% 508.4 306.1 525.6 99.5 60.2% 18.9% 202.3 426.0 
25.1 16.4 
41.6% 51.0% 515.0 314.1 532.4 110.6 61.0% 20.8% 200.9 421.8 
26.2 17.8 
42.7% 54.3% 551.8 318.5 570.5 114.0 57.7% 20.0% 233.3 456.5 
25.5 18.5 
39.8% 54.9% 583.5 324.0 603.3 114.7 55.5% 19.0% 259.5 488.6 
26.1 19.1 
44.0% 56.1% 606.5 327.1 627.0 117.7 53.9% 18.8% 279.4 509.3 
27.6 19.6 
39.3% 56.3% 594.2 333.4 614.3 130.4 56.1% 21.2% 260.7 483.9 
30.0 21 
43.1% 61.1% 592.9 335.1 612.9 129.1 56.5% 21.1% 257.8 483.8 
27.7 20.2 
31.6% 55.1% 635.8 339.0 659.7 120.2 53.3% 18.2% 296.8 539.5 
27.4 18.2 
39.2% 54.3% 757.2 351.0 782.8 108.1 46.4% 13.8% 406.2 674.7 
32.1 20.9 
29.1% 61.8% 757.2 360.1 782.8 105.8 47.6% 13.5% 397.1 677.0 
30.4 20.4 
32.2% 65.6% 747.1 357.6 772.4 109.5 47.9% 14.2% 389.5 662.9 
28.5 20.3 
32.8% 59.8% 737.1 356.1 762.0 107.0 48.3% 14.0% 381.0 655.0 
28.1 20.3 
32.1% 66.7% 738.7 355.5 763.7 98.7 48.1% 12.9% 383.2 665.0 
28.0 20.1 
30.5% 66.6% 691.1 351.1 714.5 91.2 50.8% 12.8% 340.0 623.3 
27.8 19.4 
26.4% 70.0% 633.2 342.1 654.6 99.0 54.0% 15.1% 291.1 555.6 
28.3 19.4 
25.8% 67.2% 574.4 335.3 593.8 95.9 58.4% 16.1% 239.1 497.9 
27.3 18.4 
24.6% 62.6% 509.4 325.8 526.6 97.4 64.0% 18.5% 183.6 429.3 
25.4 19.4 
34.8% 64.3% 467.6 288.8 483.4 65.2 61.8% 13.5% 178.8 418.2 
24.5 18.3 
35.2% 53.8% 367.2 194.0 379.6 59.8 52.8% 15.8% 173.2 319.8 


























20.7 31.3 36.4 6.1 14.0 3.5 
21.1 35.9 36.2 6.5 13.9 3.8 
21.6 35.6 36.2 7.0 13.9 4.1 
20.9 37.5 36.1 7.4 13.8 4.3 
22.3 39.7 36.0 7.9 13.8 4.6 
25.1 42.1 36.0 8.2 13.8 4.8 
26.2 43.5 35.9 8.5 13.8 5.0 
25.5 48.3 35.8 8.8 13.7 5.1 
26.1 45.7 35.8 9.0 13.7 5.3 
27.6 50.2 35.7 9.2 13.7 5.4 
30.0 47.4 35.6 9.4 13.6 5.5 
27.7 47.6 35.7 9.5 13.6 5.5 
27.4 43 35.9 9.5 13.9 5.6 
32.1 43.5 36.0 9.5 14.0 5.6 
30.4 41.9 36.1 9.5 14.1 5.6 
28.5 43.1 36.0 9.4 13.9 5.5 
28.1 42.8 36.0 9.3 14.0 5.4 
28.0 40.4 36.1 9.1 14.1 5.3 
27.8 41.6 36.1 8.9 14.0 5.2 
28.3 39.8 36.1 8.7 14.0 5.1 
27.3 38.5 36.2 8.3 14.0 4.8 
25.4 38.4 36.1 8.1 14.0 4.7 
24.5 36.3 35.7 6.0 13.7 3.5 


















































30.0 5.7 11.0 3.3 171.9 36.0 0.8 0.7 15.2% 4.1% 
29.7 6.2 10.7 3.5 184.1 38.0 0.8 0.7 14.6% 4.0% 
29.6 6.6 10.7 3.8 196.1 40.2 0.8 0.7 14.8% 3.9% 
29.3 7.0 10.5 4.0 206.2 42.0 0.8 0.7 14.7% 3.9% 
29.9 7.2 10.3 4.2 214.6 43.7 0.8 0.7 14.5% 3.9% 
30.9 6.9 10.3 4.4 214.7 45.3 0.7 0.7 14.0% 3.8% 
31.3 6.8 10.3 4.5 213.7 46.7 0.7 0.7 13.4% 3.8% 
31.3 6.9 10.1 4.7 214.6 47.3 0.7 0.7 13.1% 3.8% 
31.5 6.8 10.1 4.8 214.4 48.6 0.7 0.7 12.8% 3.8% 
31.6 6.8 10.0 4.9 213.7 49.1 0.6 0.7 12.6% 3.8% 
31.5 6.8 9.9 5.0 214.7 49.3 0.6 0.7 12.4% 3.7% 
31.6 6.8 9.9 5.0 213.8 49.9 0.6 0.7 12.3% 3.7% 
32.0 6.7 10.2 5.1 213.5 51.6 0.6 0.7 12.3% 3.9% 
32.2 6.7 10.3 5.1 214.5 52.2 0.6 0.7 12.3% 3.9% 
32.4 6.6 10.3 5.1 213.6 52.7 0.6 0.7 12.4% 4.0% 
32.0 6.7 10.2 5.1 213.7 51.5 0.6 0.7 12.5% 3.9% 
32.1 6.7 10.3 5.0 213.8 51.4 0.6 0.7 12.7% 4.0% 
32.1 6.7 10.5 4.8 214.0 50.7 0.7 0.7 13.0% 4.0% 
31.9 6.7 10.4 4.7 213.2 49.5 0.7 0.7 13.3% 4.0% 
31.7 6.8 10.4 4.7 214.0 48.6 0.7 0.7 13.6% 4.1% 
31.4 6.8 10.6 4.5 214.2 47.0 0.7 0.7 14.3% 4.1% 
30.7 7.0 10.5 4.3 214.3 45.5 0.7 0.7 14.9% 4.1% 
29.6 4.5 10.9 2.7 131.6 29.2 0.6 0.6 10.3% 3.0% 
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Appendix D1: Test Results of PV/T, Solar Thermal and PV with Different Mass Flow Rate of 0.0163, 0.0208 
and 0.0455 Kg/s on 05th, 06th and 7th October 2018 
 
Mass Flow Rate 
(Kg/s) 
m = 0.0163      Kg/se m = 0.0208 
Kg/se 
m = 0.0455 
Kg/se 
PV/T  Average Electrical Efficiency  % 13.3 13.8 14.0 
PV/T Average Thermal  Efficiency  % 39.6 42.7 51.8 
Flat plate collector 
Average Thermal Efficiency % 
57 64 65.2 
PV Average Electrical  Efficiency  % 3.9 3.8 4 
 




Calculation of Average Daily Hot Water Consumption for a Single Family: 
VHW = number of people × daily hot water consumption per person 
        = 4 × 50.1 + 14.34  
        = 214.7 L/day 
Calculation of hot water heat requirement: 
QHW = VHW × cW × ∆T                          
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         = 2414.7 × 1.16 × (45-10) 
         = 8.7 KWh/day 
         = 8.7 × 365  
        = 3182.27 kWh/year 
Appendix E2: Calculation of average daily and yearly electrical production of 2.5 KW system in Perth  
 
 
Table 15: Calculation of daily production 
 
Esystem = Earray × finv × Ls               
Earray = PSH × ftemp × fman × fdirt × PSTC × N      
ftemp =  1 + (y ∗ (Tcell_eff − Tstc))                   





87 | P a g e  
 
Appendix F1: Cost Breakdown of PV/T Case 1, 2 and 3 
 
Components Case 1 Case 2 Case 3 
 












Electrical Components $1263 AUD $1263 AUD $1263 AUD 
Thermal Components $2200AUD $2500 AUD $2200 AUD 
Others  
 $2000AUD $2000 AUD $2000 AUD 
Battery - 
$6050 AUD $6050 AUD 
Total 10908 17258 16958 
 







9 PV Panels without  Installation $2500 AUD $2500 AUD 
Inverter 3KW $1063 AUD $1063 AUD 
Installation $1200 AUD $1200 AUD 
Battery Storage(5.56KWh) $6050 AUD - 
Total $10813 AUD $4763 AUD 
 







2 Roof-top Collector (300l ) $3519 AUD $3519 AUD 
Installation $351.9 AUD $351.9 AUD 
Gas Boiler + Tank 300L $1800 AUD - 




Pump Solar Loop Eco Small $700 AUD $700 AUD 
Pump Controller Solar Loop $500 AUD $500 AUD 
Others (Piping, Joints  ...) $800 AUD $800 AUD 
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Appendix F4: Cost Breakdown of Flat Plate Collector + PV Case 8, 9, 10 and 11 
 
 Case 8 Case 9 Case 10 Case 11 
Total $12433.9 AUD $12133.9 AUD $18483.9 AUD $18183.9 AUD 
 
 
Appendix G1: Calculation of Payback Period for Case 1, 2 and 3  
 
 
Appendix G2: Calculation of Payback Period for Case 4 and 5 
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Appendix G6: Battery Charging and Discharging for case 2, 3, 4, 10 and 11 
 
 
 
